This study evaluates the cloud and rain cell organization in space and time as forecasted by a cloud-resolving model. The forecasted fields, mainly describing Mesoscale convective complexes and cold fronts, were utilized to generate synthetic satellite and radar images for comparison with Meteosat Second Generation and S-band radar observations. The comparison was made using a tracking technique that computes the size and lifetime of cloud and rain distributions and provides histograms of radiative quantities and cloud top height. The tracking technique was innovatively applied to test the sensitivity of forecasts to the turbulence parameterization. The simulations with 1D turbulence produced too many small cloud systems and rain cells with a shorter lifetime than observed. The 3D turbulence simulations yielded size and lifetime distributions those were very consistent with the observations. Further tests were performed on the sensitivity to the cloud mixing length. Cloud organization was very sensitive to cloud mixing length and the use of a very small value increased the number of small cells, much more than the simulations with 1D turbulence. With a larger mixing length, the total number of cells, mainly the small ones, was strongly reduced. A small cloud mixing length led to more total column integrated rain, ice and graupel and less cloud water than with a larger one. The vertical profiles of turbulent kinetic energy for each type of turbulent parameterization show that the scheme with 3D turbulence describes the cloud evolution very consistently with what was observed by satellite.
Introduction
and found that the model produced smaller, taller rainfall cells than were observed. 48 and mesoscale configurations, respectively. During the campaign, the model was run with 117 1D turbulence. In that case, it was assumed that the horizontal gradients and turbulent 118 fluxes were negligible compared to their vertical counterparts. The mixing length was 119 parameterized to represent the size of the largest eddies following Bougeault and 120 Lacarrère (1989) . Sensitivity tests were run with the turbulence scheme in the 3D mode 121 using the Deardorff mixing length, which equals the grid size limited by the stability in the 122 entrainment zone. 123 124
b. Evaluation approach 125 126
The Meteosat Second Generation (MSG) images and the Constant Altitude Plan Position 127
Indicators (CAPPIs) of the S-band radar (10-cm wavelength) at Canguçu were used. The 128 MSG images employed in the present study were at the 10.8 m brightness temperature 129 (Tir), as these are the images mainly affected by the cloud top emission. The radar data 130
were from 2 to 15 km height, covering 250 km radius, with 1-km spatial resolution. The 131 radar was the most suitable instrument for comparisons with rainfall simulations because 132 of their very similar resolution and close relationship to the rainfall field. However, radar 133 data presents several non-precipitation echoes (clutters or others associated errors) that 134 are very difficult to filter out automatically. In order to avoid this echo-induced noise, we 135 used only rainfall cell pixels having reflectivity values larger than 20 dBZ. The region 136 covered by the radar was only part of the whole simulated region (around 25% of the area, 137 see The novelty of the evaluation approach, made in the observation space, is to assess the 190 cloud organization, a property that cannot be evaluated with a Tir histogram. We checked 191 whether the simulated cloud and rain fields described the same organization as observed 192
by MSG and the S-band radar, respectively. Cloud organization was defined as clusters of 193 pixels with Tir lower than 235 K. Machado et al. (1998) 
discussed the use of this threshold 194
to represent the organization of convective clouds into clusters using satellite images. The 195 clusters of 235-K pixels were tracked using the "Forecast and Tracking the evolution of 196
Cloud Clusters" (Fortracc) technique, described by Vila et al. (2008) . Fortracc is an 197 algorithm that tracks the MCS radiative and morphological properties, using infrared 198 satellite imagery or radar in a regular grid. The main components of this software are the 199 following: a cloud cluster detection method based on a size and temperature threshold; a 200 statistical module to determine morphological and radiative parameters of each 201 convective system; a tracking technique based on overlapping of convective system areas 202 in successive images; and a forecast module based on the evolution in previous time steps. 203
This last module was not employed in this study. The minimum size tracked using satellite 204 data was 60 pixels, which corresponds to an effective radius of around 9 km. The analysis 205 of radar rainfall cell size was applied using a 20-dBZ threshold following Machado et al. 206 (2002) . Considering a Marshall Palmer distribution, a reflectivity value of 20 dBZ 207 Figure 3a shows the cloud size distributions observed by MSG and simulated by Meso-NH 210 for the 6 golden days. The Meso-NH cloud field has nearly twice as many small cloud 211 systems as are actually observed. This difference in cloud system numbers decreases as 212 the cloud system size increases. It results in a similar number of systems with effective 213 radius (an equivalent are circle: effective radius = (Area/) 1/2 ) above 100 km. For the 214 largest convective systems, i.e. beyond an effective radius of 300 km, the model simulates 215 fewer systems than are observed. It should be noted that, even if the difference in the 216 number of the largest cloud systems is very small, their associated cloud cover is very 217 large. For instance, the cloud coverage of only two systems with 300 km effective radii 218 equals that of 1800 cloud systems with 10 km effective radii. Figure 3b shows the life cycle 219 duration of the convective systems. The simulations present many more short-lived 220 systems than are observed. As the life cycle duration increases, the difference falls. Beyond 221 8 hours, simulations and observations show nearly the same number of long-lived cloud 222 systems. Also, the large systems observed by satellite are larger than the simulated ones. 223
224
The difference in the space-time organization of clouds between simulation and 225 observation contrasts with the agreement obtained with the Tir histogram. To better 226 understand this behavior, Figure 4 shows the averaged Tir histograms for the small 227 (smaller than 50 km effective radius) and large (larger than 150 km effective radius) cloud 228 systems. As a cloud system is defined as a cluster of Tir lower than 235 K, its averaged Tir is 229 thus below 235 K. Nearly 75% of the observed small cloud systems have averaged Tirlarger number of small cloud systems with low Tir in the simulations. The comparison for 232 the large cloud systems presents a systematic, albeit less remarkable, discrepancy. Large 233 systems in the observations show higher averaged cloud top height (colder brightness 234 temperature) than in the simulations (Fig. 4b) . 235
236
These results indicate that the model simulates a larger number of small systems with 237 deeper cloud top than is observed and a smaller number of large systems, less deep than 238 observed. One possible reason for this discrepancy is the too small entrainment rate for 239 small cloud systems, resulting in a large number of too-deep clouds. Such sensitivity of 240 cloud size to entrainment is well known; Simpson (1971) proposed a parameterization of 241 the entrainment rate with inverse dependence on the tower radius. An underestimation of 242 the mixing between convective cloud updrafts and their environment can lead to cloud 243 fields as seen in the simulations. Jensen and Del Genio (2006) examined the environmental 244 factors that could determine the depth of convective clouds and the environmental 245 parameters that could be related to the entrainment rate. They found that buoyancy close 246 to the surface, the major source of kinetic energy, was the main factor responsible for the 247 variability in entrainment rate. However, as their study was limited to the development of 248 cumulus congestus clouds, they could not classify the effect of this variability for a large 249 population of clouds that should experience different degrees of entrainment with size. 250
The present study does capture the effect of the turbulence parameterization in the cloud 251 size distribution. 252 too strong, which reduces the cloud size and top. However, the mechanisms leading to 255 large systems are much more complex than for the small systems because of the 256 mesoscale dynamics. The underestimated number of large systems could also be related to 257 some model limitations in simulating large convective systems with large stratiform cloud 258 decks. 259 simulation of cloud-topped boundary layer via cloud top entrainment instability (Deardorff 270 1980) . In the present case, prevailed by mesoscale convective system associated this deep 271 convection, the relationship between the updraft and entrainment follow a different 272 process and will be better addressed in the section describing the tracers simulations. 273
274
Up to this point, the results have been based on simulations using the turbulence scheme 275 in 1D mode. We now verify the impact of the entrainment with simulations using the 276 because the 36-h sequence from the simulated day at 1200 UTC was fully covered by the 278 S-band radar at least once per hour. Even every hour is too long an interval to be used for 279 tracking rainfall cells (which have much shorter lifetimes than the cloud systems) but the 280 size description is independent of the time interval. Figure 5 shows the size distribution of 281 the cloud systems and the rainfall cells for observations and simulations using 1D and 3D 282 turbulence. It shows the considerable decrease in the number of small cloud systems and 283 rainfall cells using 3D turbulence. The distributions of cloud systems for observation and 284 simulations with 3D turbulence are very close, with slightly too many small cloud systems 285 (with radii less 100 km) and a slight lack of large cloud systems, with radii greater than 300 286 km (Fig. 5a ). The favorable reduction in the number of small rainfall cells with 3D 287 turbulence appears to be a little overestimated (Fig. 5b) . 288
289
The turbulence scheme in 3D mode considerably improved the representation of the cloud 290 and rainfall spatial organization. Figure 6 shows the histograms for the reflectivity at 2 km 291 and the 0 dBZ echo cloud top height. Note the large population of reflectivity simulated by 292 1D turbulence, higher than that observed by the radar (Fig. 6a) . The use of 3D turbulence 293 has the effect of reducing this population although the number of very large reflectivity 294 values is greater for 3D turbulence than for 1D. The simulations with 3D turbulence reduce 295 the average but increase the statistical population of high reflectivity values, typically 296 associated with high intense convection. In general, the relative frequency of the cloud top 297 echo (0 dBZ) distribution is not very well represented by the model (Fig. 6b) . It is 298 noteworthy that the cloud tops around 10-12 km are probably clouds associated with the 299 a smaller frequency of clouds with cloud tops below 9 km, as expected because of the 301 larger entrainment. However, the higher population of the tallest clouds was not expected 302 and may be a consequence of non-linear interaction as discussed below. Also, the greater 303 number of middle-level clouds and the fewer deep-convective clouds produced with 1D 304 turbulence could be explained by the larger number of isolated, deep clouds and the fewer 305 deep convective clouds with large-scale organization. This is clearly shown in Fig. 6a with 306 fewer (more) low (high) reflectivity values in the simulations with 3D turbulence. 307
308
The turbulent scheme in 3D mode takes the horizontal turbulent fluxes into account, 309 which were neglected in the 1D mode. However, these two turbulent modes were used 310 with different cloud mixing length parameterizations, the 1D mode used the Bougeault 311
and Lacarrère (1989) mixing length while the 3D mode took the Deardorff mixing length. 312
The differences seen above are a combination of these two effects, i.e. the additional 313 horizontal turbulent fluxes and the change in the mixing length parameterization. To test 314 the impact of these two effects, further simulations were run using 1D and 3D turbulence 315 modes with the two clouds mixing length parameterizations (not shown). Whatever the 316 mixing length parameterization, the simulations with 1D turbulence did not show 317 significant differences in cloud organization, probably due to the slight vertical gradient of 318 the average potential temperature in the lower levels. In the simulations with 3D 319 turbulence, the cloud organization differed according to the cloud mixing length 320 parameterization. This shows that the larger horizontal potential temperature gradient at 321 the cloud boundaries had a significant impact in the simulation. Because of the importance 322 the turbulence scheme needs to be evaluated, because it modulates the turbulence effect 329 by weighting the TKE. Emanuel (1994) shows that the interface between cloud and 330 environment undergoes small scale instabilities that enhance the mixing. As the effect of 331 turbulence undertaken a cloud-size dependence, as shown in the previous results, we 332 investigated the effect of the cloud mixing length multiplied by a constant coefficient (. 333
To conduct this analysis, we tested the effect of the mixing length scaled by a factor 5, i.e. 334
we multiplied the mixing length inside the clouds by 0.2 and by 5, forcing small and 335 large entrainment respectively. Figure 7 shows the cloud size distribution during the 36-h 336 simulation for Julian day 335. The effect of the scale factor is very significant. It leads to an 337 effect similar to the simulation with 1D turbulence when 0.2, increasing the number of 338 small systems, and it drastically reduces the number of cloud systems when 5. This 339 result shows the effect of the change in cloud mixing length for the simulations and its 340 impact with respect to the cloud size. Based on the previous results, we can suppose that 341 the modulation of this factor could depend on the size of the cloud system. For a small 342 cloud system, the factor applied to the mixing length should be very high. As the cloud size 343 increases, the factor would decrease, allowing the model to reproduce the large cloud 344 patterns observed by satellite. The very high values employed here were intended to 345 values, certainly closer to a scale factor of 1, should be tested to obtain a more realistic 347 cloud organization. 348
349
The effect on microphysical parameterization of using the scale factors applied to the 350 mixing length was also evaluated. by Meso-NH and observed by MSG, following the methodology employed by Söhne et al. 373 (2008) . Figure 9 shows the ETS for Julian day 335 for the 36-h Meso-NH simulations. The 374 simulation with 3D turbulence is by far the best and its score increases with time. At 36-h 375 lead time, its score is twice as high as the simulation with 1D turbulence. The score for the 376 simulation using 0.2 is very similar to the one with 1D turbulence. The simulation using 377
=5.0 sometimes shows the best ETS. This is probably a result of the small number of 378
clouds produced by the model using such a very large value of the cloud mixing length at a 379 time when there was no observed convection. We computed the profiles of TKE within clouds for all the simulations of Julian day 335. We 394 considered as cloud all grid points where the ice or liquid water mixing ratio was larger 395 than 10 -6 kg kg -1 . Figure 10 shows the 99 th percentiles of the TKE profiles. These are the 396 99 th percentiles inside the clouds and cannot be interpreted as the mean TKE, which is 397 biased by the greater or lesser convective activity adjusted by the rate of entrainment. To understand the effect of 1D and 3D turbulence in the cloud life cycle evolution, we 410 chose a medium sized convective system and followed its life cycle in the two simulations. 411
Of course, there were several nonlinear effects and the evaluation was not 412 straightforward. A convective system found in the simulation with 3D turbulence was not 413 exactly the same as in the simulation with 1D turbulence. We could compare the two 414 turbulence, the convective system was initiated at 1700 UTC on 30 November, reached the 416 maximum size of 80 km effective radius at 2300 UTC, and very rapidly dissipated at 0000 417 UTC on 1 December (Fig. 11c) . In the simulation with 1D turbulence, the convective 418 system was initiated one hour later, at 1800 UTC, reached the maximum size of 60 km at 419 2000 UTC, and dissipated at 2300 UTC. The cloud systems were allowed to merge with 420 other systems during the life cycle and were considered dissipated if they merged with a 421 larger convective system. The different size or minimum brightness temperature and time 422 of initiation between the simulations cannot be directly associated with the different 423 turbulence parameterizations. However, as already discussed, the simulation with 1D 424 turbulence created too many small cloud systems in relation to the more organized 425 convection in the simulation with 3D turbulence. Both cloud organizations had nearly the 426 same size between 1800 and 2000 UTC. At 2100 UTC, the simulation with 3D turbulence 427 continued to increase the size of the convective system, whereas in the simulation with 1D 428 turbulence, the system was starting to decrease in size. Also, the cloud top was deeper 429 with 3D turbulence than with 1D. 430
431
Figures 11a and 11b present the evolution of the TKE profile during the life cycle. These 432 profiles are the maximum TKE value computed in an area, around the center of the 433 convective system, proportional to the effective radius of the system at the specific time. 434
In the simulation with 3D turbulence, the TKE profile shows the largest values around the 435 cloud base at the initiation followed by a large TKE increase in the middle troposphere in 436 agreement with a strong increase in the cloud size. Machado and Laurent (2004) describedthe life cycle duration in the convective system initiation. In this example, it is clear that 439 the TKE increased with the system size in the first hours of the life cycle. This increase in 440 TKE was found up to 2000 UTC when the system was increasing in size and cloud top 441 height (cloud top temperature decreases, see the minimum brightness temperature). At 442 2100 UTC, the system reached the maximum size and the coldest cloud top and TKE was 443 drastically reduced. The system continued to increase in size but the cloud top decreased, 444
showing behavior similar to that observed statistically by Machado and Laurent (2004) 445 using satellite observations. This decrease in TKE up to the end of the life cycle associated 446 with the increase in effective radius shows that the simulation with 3D turbulence was 447 efficient to create a large stratiform and cirrus cloud deck after the system reached a 448 maximum of convective activity. The simulation with 1D turbulence showed a marked 449 increase in TKE at the initiation, associated with a large increase in the size of the 450 convective system. This is, however, different from the simulation with 3D turbulence, 451 probably due to smaller entrainment. The system reached the maximum cloud top height 452 one hour later and TKE was strongly reduced at this time. At 2000 UTC the system merged 453 with another system and TKE increased again. In the next few hours, TKE decreased as did 454 the size and cloud top. In the last hour the system merged with a larger system, increasing 455 cloud size and top. 456
457
The turbulence scheme in 3D mode proved to describe the cloud organization and the life 458 cycle of convective systems in cloud-resolving models very well. However, for lower 459 resolution models, such as regional models running at resolutions where setting the 460 cloud organization would be to develop a cloud mixing length parameterization, inside the 462 cloud, as a function of the cloud radius and height. If the cloud is small, a factor larger than 463 one should be applied near the surface, but should be gradually reduced with height. If the 464 cloud is large, the factor should be smaller than one and gradually increased with height. 465 466
Conclusion 467 468
This study has presented an innovative procedure for evaluating cloud organization in 469 space and time in cloud resolving models and assessing their representation of turbulence. 470
Comparisons were performed with satellite and radar data to study the morphology of the 471 cloud organization. The analysis employed used the data collected during the CHUVA-SUL 472 campaign, MSG images and Meso-NH simulations. Six main events of large-scale forcing 473 producing mesoscale convective cloud organization were analyzed. Overall, the total 474 histogram distribution of brightness temperature was quite similar between simulation 475 and observation for the six golden cases, although the model generally produced more 476 clear sky than was actually observed. Nevertheless, the cloud organization among the 477 different simulations was very different. 478
479
The simulations with 1D turbulence produced a larger number of small, tall convective 480 systems than observed. This was true for the cloud organization compared to satellite data 481 and for the rain cells compared against the radar data. The life cycle duration simulated 482 with 1D turbulence showed too large a population of short-lived cloud cells compared to 483 simulated large cloud clusters presented cloud tops that were statistically warmer than the 486 observations. These results, for simulations with 1D turbulence, demonstrated that the 487 model produced a larger number of small, deep cells than observed and nearly the same 488 number of large cells, but shallower than in the observations. One possible explanation for 489 these discrepancies is the small entrainment produced by the simulations with 1D 490 turbulence, mainly for small cloud systems. This leads to too many small, deep cells. The 491 turbulence scheme in 1D mode seems to lack the description of the turbulent kinetic 492 energy and the cloud mixing process. The simulations employing the 3D turbulence mode were highly sensitive to the cloud 510 mixing length parameterization. Therefore a sensitivity test was carried out utilizing a 511 cloud mixing length scaled by constant factors increasing and decreasing the cloud mixing 512 length. Two scale factors were considered, one five times smaller (scale factor =0.2) and 513 another five times larger (=5.0). The simulation using these adjustments had a strong 514 effect on the cloud organization. For the smaller scale factor, the number of small cells was 515 very high, higher than for the simulation with 1D turbulence. When the scale factor was 516 5.0, the total number of cells (mainly the small ones) was strongly reduced. As these 517 simulations using scale factors presented strong sensitivity, these simulations were used to 518 evaluate the effect on the cloud microphysics. Because the scale factor acts directly on the 519 entrainment (large scale factor permits large eddies that improve the mixing of 520 environmental air inside the clouds) an important marked change in the microphysical 521 variables was expected. Small cloud mixing length produced much more rain, ice and 522 graupel and a small amount of cloud water. As the entrainment was much larger for =5.0 523 these simulations produced more cloud water and less rain and ice species than the 524 simulations using smaller mixing length. However, it is interesting to see that, for the very 525 deep convective cases, i.e. the largest cloud water and rain and ice and graupel integrated 526 values, this trend was reversed for simulations using =5.0. With these simulations using a 527 large entrainment value, the convective events were much rarer but were more severe 528 than those with lower entrainment. This is probably a nonlinear effect which is difficult to 529 regions can have convective activity. This can favor the intensity of the deep convection 531 cell because that increases instability and cloud mass flux. 532 turbulence is much better than that with 1D turbulence and the lower scale factor is closer 535 to one dimension. Finally, the turbulent kinetic energy was examined to check the general 536 effect in each simulation. The 99% percentile profiles show a systematic increase of TKE 537 from the cloud base to the cloud top, from the lower scale factor, to 1D turbulence, 3D 538 turbulence and large scale factor. The value =5.0 shows a very strong TKE and =0.2 a 539 very small TKE. 540
541
The results obtained for a particular cloud system are very consistent with the statistics for 542 those observed by satellite in former studies. At initiation, the cloud system starts to 543 increase TKE close to the cloud base, increasing the TKE in the middle levels in the next 544 few hours as the system produces a strong area expansion. When the cloud system 545 reaches the minimum temperature, it continues to increase in size and the TKE is strongly 546 reduced until the cloud system dissipates. The simulation with 1D turbulence also shows 547 the same behavior, but resulting in a smaller system. Because of the large number of small 548 cells, the system merges with others, producing a less clear evolution. 549
550
The new methodology presented in this study allows us to evaluate the skill of the model 551 to describe the space-time organization of cloud and rainfall. Using this methodology, it 552 was possible to test the effect of different turbulent parameterizations and cloud mixing 553 lengths. The cloud mixing length affects the cloud organization so the adjustment of these 554 parameters can result in a much better description of the cloud and rain fields. Future 555 work will investigate this proposed parameterization in regional models. 
